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Total cross section of the3H„p,n…3He reaction from threshold to 4.5 MeV

C. R. Brune,* K. I. Hahn,† R. W. Kavanagh, and P. R. Wrean‡
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~Received 22 February 1999; published 16 June 1999!

We report new measurements of the total cross section for the3H(p,n)3He reaction from threshold (Ep

51.02 MeV! to Ep54.5 MeV. The experiment utilized specially prepared Ti-3H targets, and neutrons were
detected using a 4p detector. A weak resonant structure due to an excited state in4He is observed which was
not seen in previous cross section measurements. A new expression for the3He(n,p)3H thermonuclear reac-
tion rate for temperatures below 10 GK is presented which will allow for more accurate calculations of the
yields of light elements produced by big-bang nucleosynthesis.@S0556-2813~99!03307-5#

PACS number~s!: 26.35.1c, 25.10.1s, 28.20.2v, 98.80.Ft
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I. INTRODUCTION

The 3H(p,n)3He reaction and its inverse3He(n,p)3H are
important in many subfields of physics. Due to its large cr
section and other properties, this reaction is commonly u
for two purposes in neutron physics: the3H(p,n)3He reac-
tion is an important source of neutrons, and the3He(n,p)3H
reaction is often used for detecting neutrons. This reac
also provides information about the excited levels of4He,
which are still not well understood@1,2#. The 3H(p,n)3He
reaction near threshold is strongly influenced by the first t
excited levels of4He, which lie 370 keV below and 430 keV
above the 3H(p,n)3He threshold, respectively@3#. The
present experiment is primarily motivated by the role of t
reaction in big-bang nucleosynthesis.

The standard big-bang model of the primordial universe
very successful in accounting for the observed relative ab
dances of the light elements2H, 3He, 4He, and7Li @4–8#.
The calculated abundances agree with observations only
baryon densities significantly lower than the critical dens
in the range 0.01&VB&0.1. The uncertainties in the abun
dance calculations arising from nuclear-data input have b
studied in detail by Krauss and Romanelli@4# and Smith,
Kawano, and Malaney@7#. The latter have identified 12 re
actions which significantly affect light-element production
Their assumed3He(n,p)3H reaction rate was found to hav
a significant impact on the calculated abundances of3He and
7Li. At the temperatures important for determining big-ba
yields, the reaction rate is determined by the3He(n,p)3H
cross section in the energy range 1&Ec.m.&250 keV ~see
Sec. V!. In this energy range, the existing data are spa
and not in good agreement.

Previous measurements of the3H(p,n)3He total cross
section forEp<4.5 MeV have been reported by Vlasovet al.
@9#, Gibbons and Macklin@10#, Perryet al. @11#, and Mack-
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lin and Gibbons@12#. Unfortunately, two of the most impor
tant total cross section measurements@11,12# have been pub-
lished only in conference proceedings or as a laborat
report.

The 3He(n,p)3H cross section at thermal energies h
been determined with high precision by the measurement
Als-Nielsen and Dietrich@13#. Measurements at higher neu
tron energies have been reported by Coon@14#, Batchelor,
Aves, and Skyrme@15#, Sayres, Jones, and Wu@16#, Cos-
tello, Friesenhahn, and Lopez@17#, and Borzakovet al. @18#.
Ratios of the3He(n,p)3H cross section to the6Li( n,a) and
10B(n,a) cross sections have been measured by Bergm
and Shapiro@19# (En<30 keV! and Bowmanet al. @20#
(En<25 keV!, respectively.

Recommended cross sections based on the available
perimental data have been given by Costello@21#, Liskien
and Paulsen@22#, Drosg @23#, Drosget al. @24#, Bödy @25#,
Drosg and Schwerer@26#, Hale, Dodder, and Young~ENDF/
B-VI ! @27#, Smith, Kawano, and Malaney@7#, and Drosg
@28#. The 3H(p,n)3He cross section at threshold is dete
mined to better than 1% from the thermal3He(n,p)3H cross
section @13#, and the standard deviation in the evaluat
cross section is estimated to be 4% or less for 2<Ep<16
MeV @26#. Between threshold and 2 MeV, most of the e
periments have errors of 10% or greater. The recent
accurate~2–3 % quoted uncertainty! measurements of the
3He(n,p)3H cross section forEn<137 keV @18# disagree
with the energy dependence found by Ref.@12# by about
25%, and also disagree with the ENDF/B-VI evaluation
up to 15%. The energy range for big-bang nucleosynthe
lies between threshold and 2 MeV; it is the large uncertai
within this energy range which motivates the present wo

In this paper, we report new measurements of
3H(p,n) 3He total cross section, from threshold toEp54.5
MeV. A new thermonuclear reaction rate is calculated wh
is valid for temperatures less than 10 GK.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

A. Beam

The proton, deuteron, and4He1 beams used in this ex
periment were supplied by the Caltech 3-MV Pelletron Ta
dem Accelerator. The beam energy was defined by a
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analyzer magnet and NMR magnetometer. The energy c
bration (60.1%) was established using the resonance
483.9160.10 keV @29# in 19F(p,ag), 991.8660.03 keV
@30# in 27Al( p,g), 606.060.5 keV @31# in 11B(a,n), and
1530.0360.15 keV@32# in 24Mg(a,g). A collimator limited
the beam to an area of'1 cm2 on the targets; the beam wa
rastered over this area in order to produce a uniform inten
distribution. Beam currents for the3H(p,n)3He measure-
ments varied between 7 and 100 nA, depending on the
sired counting rate. The number of incident particles w
determined by beam-current integration, to a precision
61%.

B. Targets

The preparation, characterization, and use of the Ti-3H
targets have been described previously@33–35#. Briefly, Ti
was evaporated onto 31.7-mm-diameter, 0.81-mm-thickn
Cu or Ta substrates; the substrates were then heated
atmosphere of3H2 gas to induce the formation of Ti-3H.
The substrates were maintained in high vacuum during
time between Ti evaporation and tritide formation, minim
ing contamination and maximizing the attainable3H:Ti ratio.

The 3H and Ti areal densities were determined in a sc
tering chamber using the3H(d,a) and Ti(a,a) reactions,
respectively. The total cross section and center-of-mass L
endre coefficients for3H(d,a) reaction, needed for the ab
solute 3H areal-density determination, were taken from t
evaluation of Drosg and Schwerer@26#; the uncertainty in the
cross section is estimated to be 1.5% forEd,400 keV, in-
creasing to 4% for higher energies. The absolute uncerta
in the areal density determinations is estimated to be64%.

Two targets were utilized for the3H(p,n)3He measure-
ments. One target consisted of 5.5231017 and 2.96
31017 atoms/cm2 of 3H and Ti, respectively, on a Cu back
ing. This target is referred to as ‘‘target 1’’ in Ref.@35#;
Ti(a,a) and 3H(d,a) spectra obtained with this target a
shown in Figs. 4 and 6 of Ref.@33#. The use of this target fo
3H(p,n)3He measurements is limited to energies below
65Cu(p,n) threshold atEp52.17 MeV. To facilitate mea-
surements at higher energies an additional target was fa
cated on a Ta backing with 8.3031017 and 9.5
31017 atoms/cm2 of 3H and Ti, respectively. The3H(d,a)
excitation function obtained with this target is shown in F
7 of Ref.@33#. The 3H(p,n)3He measurements reported he
were performed before these targets were used for any o
experiments.

Two additional targets were used to investigate ba
grounds from targets containing no3H. One target consisted
of 4.3631017 and 2.9831017 atoms/cm2 of 2H and Ti, re-
spectively, and was produced on a Cu backing using
same equipment as for the3H targets. The other target con
sisted of 1.031018 Ti atoms/cm2 evaporated on a Ta back
ing, and was not hydrided.

C. Neutron detection

Neutrons were detected in a 4p detector consisting of up
to 12 3He-filled proportional counters embedded in a po
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ethylene moderator surrounding the target chamber. The
ficiency is slowly varying in the region 0.0005,En,2
MeV, such that it can be approximated by a constant wit
610%. However, the efficiency drops dramatically outsi
of this range, by about a factor of two for 1-eV or 5-Me
neutrons. For a known distribution of neutron energies a
emission angles, the efficiency can be more accurately de
mined from Monte Carlo simulations. For this purpose w
utilize the computer codeMCNP @36#, which simulates the
transport and detection of neutrons, given the materials
geometry of our target holders and detector. Additional
formation concerning the detector, the Monte Carlo simu
tions, and experimental validation of the simulations is giv
in Refs.@37,38#.

One set of3H(p,n)3He measurements was taken using
detection tubes in the moderator, with one additional tu
present but not used. The other set of measurements
taken using six tubes in the moderator. The angular distri
tions of neutrons emitted from the3H(p,n)3He reaction, re-
quired to determine the~correlated! distributions of neutron
energies and emission angles in the Monte Carlo simulatio
were taken from Ref.@26#. In order to investigate the sens
tivity of the simulations to the assumed angular distributio
we also performed simulations assuming that the reactio
isotropic in the center-of-mass system. The resulting e
ciencies differed by at most 2% forEp<4.5 MeV, indicating
an uncertainty of,1% from the assumed angular distrib
tions. The simulated efficiencies for the six-tube configu
tion were renormalized by 1.02, so that the ratio of measu
to simulated efficiency for a252Cf neutron source was th

FIG. 1. The neutron efficiency as a function of proton energy
the 11-tube configuration~top panel! and the six-tube configuration
~bottom panel!. The Monte Carlo calculations with statistical erro
are shown as circles, and the solid curves are empirical fits use
subsequent calculations. Note the break in vertical scale betw
the two panels.
1-2
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TOTAL CROSS SECTION OF THE3H~p,n!3He . . . PHYSICAL REVIEW C 60 015801
same for both sets of measurements. This procedure s
dardizes the measurements to the configuration for which
efficiency of the detector has been extensively tested@37#.
The results of the simulations for the two detector config
rations are shown in Fig. 1. Also shown as solid lines
empirical fits used in subsequent analysis. We estimate
systematic uncertainty in the neutron detection efficiency
be 63%.

D. Yield measurements

The neutron yield with the Cu-backed3H target perpen-
dicular to the beam was measured with the 11-tube dete
configuration for 1.016<Ep<2.15 MeV, i.e., from just be-
low the 3H(p,n)3He threshold to just below the65Cu(p,n)
threshold.

The yield with the Ta-backed3H target at 45° with re-
spect to the beam was measured with six tubes from
below threshold toEp54.5 MeV. The measured yields ar
displayed in the upper panel of Fig. 2. The yields were c
rected for dead time in the detector (<2% for all measure-
ments!. Repeated measurements at a standard energy oEp
51.3 MeV indicated that the target thickness deteriorated
less than 1% over the course of the measurements. The
bility of the detection system was monitored throughout
experiment by measuring the efficiency for a252Cf neutron
source.

Beam-off backgrounds were completely negligible f
this experiment. It is however important to consider possi
backgrounds from other neutron-producing reactions wh

FIG. 2. YieldsYn of detected neutrons for various targets. U
per panel: For the Cu-backed (s) and Ta-backed~3! 3H targets.
Lower panel: For the Cu-backed (s) and Ta-backed (3) targets
used for background measurements. The statistical errors
smaller than the size of the data points. The solid curve is an
pirical fit used for background subtraction.
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may take place in the target. Of particular concern here
the 49Ti( p,n) and 50Ti( p,n) reactions which have threshold
at proton energies of 1.41 and 3.05 MeV, respectively.
order to test for possible backgrounds, measurements w
made using targets without3H ~these targets are described
Sec. II B!. The Ti-2H target was measured with the sam
target angle and neutron detector configuration as the
backed3H target; the Ti target on Ta backing was measu
under the same conditions as the Ta-backed3H target. The
results of these measurements are shown on the lower p
of Fig. 2.

III. DATA ANALYSIS AND RESULTS

The magnitude and energy dependence of the be
dependent background observed from targets containing
3H are consistent with the known48Ti( p,n) @39# and
49Ti( p,n) @40# cross sections. Using the known Ti areal de
sity, the background present in the measurements using
Cu-backed3H target is estimated to be at most 0.2%, a
was therefore neglected. For the Ta-backed3H target, the
background is estimated to be,1% for E<3.2 MeV. For
Ep>2.0 MeV the yields measured from this target were c
rected for background, using the solid curve shown in Fig
scaled by the ratio of Ti areal densities. This correction w
at most 7%, atEp54.5 MeV. An error of630% was as-
sumed for the subtracted yield.

The background-corrected yield of neutrons detected
incident particleYn , for a mono-energetic beam of energ
Ep , is given by

Yn5~nt! s~Ep! «~Ep!, ~1!

where (nt) is the areal number density of target atoms,s is
the 3H(p,n)3He cross section, and« is the neutron-detection
efficiency. For a target of significant thickness, the be
loses energy as it passes through the target, and the yie
then given by

Yn5E
Et

Ep
s~Ep8! «~Ep8!FdE

dX
~Ep8!G21

dEp8 , ~2!

in which Et5Ep2DE, whereEp is the incident proton en-
ergy andDE is the energy loss in the target. The energy lo
of protons in the target per3H atom per unit area is given b

dE

dX
5S dE

dXD
H

1
1

r S dE

dXD
Ti

, ~3!

where (dE/dX)H and (dE/dX)Ti are the stopping powers fo
protons in H and Ti@41#, and r is the 3H:Ti ratio which is
assumed to be independent of depth in the target. The en
loss for 2-MeVa particles in the Ti-3H computed by this
method has been verified experimentally for these targ
@33#.

Some indication of the consistency of the beam-ene
calibration and the quality of the targets is provided by t
behavior of the neutron yield near the threshold. For a tar
sufficiently thick to integrate the cross section down to t

re
-
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C. R. BRUNE, K. I. HAHN, R. W. KAVANAGH, AND P. R. WREAN PHYSICAL REVIEW C60 015801
threshold energyE0, the detected neutron yield varies
Yn}(Ep2E0)3/2, provided the neutron production cross se
tion varies as (Ep2E0)1/2 ~i.e., assumings-wave neutrons
and no narrow resonance!. This simple analysis also assum
that the energy dependences of the stopping power and
tection efficiency are negligible. A linear fit toYn

2/3 should
thus intersect theEp axis at the threshold energy. Plots
Yn

2/3 versusEp for the two targets are shown in Fig. 3. Th
yield from the Cu-backed target departs from a linear dep
dence more quickly than the Ta-backed target due to
smaller thickness. Linear fits are also shown which includ
points within'4 keV of threshold for the Cu-backed targ
and within '10 keV of threshold for the Ta-backed targe
Note that 1-MeV protons lose 4.8 keV and 22 keV in t
Ti- 3H layer for the Cu-backed and Ta-backed targets,
spectively. Both fits give a threshold energy of 1.0188 Me
which is in excellent agreement with the known val
1.01906 MeV.1

Cross sections were extracted from the measured yi
using Eqs.~7!–~9! of Ref. @43# to correct for the energy los
effects described by Eq.~2!. This procedure requires that th
energy dependence of the cross section be known in adva
For this purpose we assumed the ENDF/B-VI evaluati
converted to3H(p,n)3He using detailed balance. The a
sumed energy dependence is only important near thres
where the cross section changes significantly as the b
loses energy in the target. ForEp>1.1 MeV this procedure
differs negligibly from using Eq.~1! with Ep replaced by
Ep2DE/2, due to the thin targets used in the experime

1All thresholds and detailed balance conversions in this paper
computed using relativistic kinematics with nuclear masses;Q val-
ues and atomic masses are taken from Audi and Wapstra@42#. The
uncertainty in theQ value ('0.002 keV! is sufficiently small to be
a negligible consideration in the detailed-balance conversions.

FIG. 3. The near-threshold yield of detected neutrons~raised to
the 2/3 power! for the Cu-backed target (s) and the Ta-backed
target (3). The statistical errors are smaller than the size of the d
points. The solid lines are linear fits described in the text. The ar
indicates the known threshold energy. The different slopes for
two targets are caused by differences in neutron-detection efficie
and the3H:Ti ratio.
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The data were also analyzed assumings}(Ep2E0)1/2,
which for all incident energies changed the resulting cr
sections by an amount negligible compared to other un
tainties. One important source of error near the threshol
the energy of the incident proton beam. Given the go
agreement obtained with the known threshold energy alre
described, we have allowed for an uncertainty of60.5 keV
in the incident energy. We have also allowed for610%
uncertainty in the proton energy loss. We do not present
data whereEp<E01DE due to the large errors from unce
tainties in the incident energy and energy loss. The error b
on the data points include uncertainties from counting sta
tics, incident energy, energy loss, and background subt
tion. Additional systematic errors in the data are summari
in Table I.

The absolute cross sections determined from the
backed target are'2% higher than from the Cu-backed ta
get. The data sets were renormalized to a scale correspon
to the arithmetic mean of the two determinations. The fi
results for the total cross section are shown in Fig. 4. T
behavior of the cross section near the threshold is more
ily seen by converting the data to3He(n,p)3H cross sections
using detailed balance and multiplying byEn

1/2, as shown for
the near-threshold data in Fig. 5. The rather large system

re

ta
w
e
cy

TABLE I. Systematic errors in the absolute cross-section d
not included in the plotted error bars. The total is computed
adding the individual errors in quadrature.

Source of error Error~%!

3H areal density 4
Neutron detection efficiency 3
Current integration 1
Total 5

FIG. 4. The present results for the3H(p,n)3He total cross sec-
tion, for the Cu-backed target (s) and Ta-backed target (3).
When not visible, the errors are smaller than the size of the d
points ~the additional systematic uncertainty of 5% described
Table I is not included!. The solid curve is ENDF/B-VI evaluation
@27# and the dashed curve is the evaluation from theDROSG-96com-
puter code@28#.
1-4
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errors associated with the lowest-energy data points sh
in Fig. 5 arise from the uncertainty in proton energy, as
detailed-balance conversion is very sensitive to the pro
energy when the proton energy is near threshold.

IV. DISCUSSION

A. Comparison to previous measurements

We will not attempt to compare our new results to all
the data available withEp<4.5 MeV. The reader is referre
to the evaluations@7,21,22,24–27#, and in particular Ref.
@23# for a critique of the previous measurements. Some
ditional information related to previous experiments is a
supplied in the Appendix. In Fig. 4 our cross-section data
compared to two recent evaluations@27,28#. It is seen that
both evaluations are in excellent agreement with the pre
data, with a maximum deviation of'5% near Ep52.7
MeV, but within our estimated systematic error.

In Figs. 6 and 7 the data are compared to some of
previous data in the energy range appropriate for big-b
nucleosynthesis. The data are in general agreement
most of the other older measurements which had consi
ably larger errors. The data agree well with results of Bor
kov et al. @18#, except for their higher-energy data poin
Our results are not in agreement with the data from Mack
and Gibbons@12#, especially for their higher energies.
should be noted however that the scale of their data is
absolute, so the discrepancy is in the energy dependenc

B. Excited levels of 4He

The present data show the near-threshold energy de
dence of the cross section much more clearly than prev
measurements. In particular, it is clear from inspection
Fig. 5 that the cross section deviates from the 1/v energy
dependence expected for nonresonants-wave neutron-
induced reactions~a 1/v dependence would yield a horizon
tal line when multiplied byEn

1/2). The observed energy de

FIG. 5. The results, converted to3He(n,p)3H, and multiplied
by En

1/2. The plot symbols have the same meaning as in Fig
When not visible, the errors are smaller than the size of the
points~the systematic uncertainty of 5% described in Table I is
included!. The solid curve is the ENDF/B-VI evaluation@27#.
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pendence results primarily from the first three excited lev
of 4He located@3# at Ex520.21 MeV (Jp501), 21.01 MeV
(Jp502), and 21.84 MeV (Jp522); note that the location
of the 3He1n threshold is atEx520.58 MeV. As discussed
by Borzakovet al. @18# and references therein, the cross se
tion very near threshold is dominated by the subthreshold1

s-wave resonance.
At higher energies, the effects of the other levels beco

important. The present data as shown in Fig. 4 indicat
definite change in curvature nearEp51.6 MeV. In previous
experiments this feature was masked by the larger er
and/or coarser energy steps. Interestingly, this feature is
dicted very well by the ENDF/B-VI evaluation@27# ~see Fig.
4 of the present work!. The ENDF/B-VI evaluation for
3He(n,p)3H is generated from anR-matrix analysis@44#
which is essentially the same as that described in Ref.@3#.
This charge-independentR-matrix analysis includes cross
section and polarization data forn23He, p23H, and 2H
22H scattering and reactions; andp23He andn23H scat-

.
ta
t

FIG. 6. The present results (s), compared to the data of Mack
lin and Gibbons@12# (3) and the data of Borzakovet al. @18# (n).
All data are converted to3He(n,p)3H cross sections and multiplied
by En

1/2.

FIG. 7. The present results (s), compared to the data of Batch
elor, Aves, and Skyrme@15# (3) and the data of Costello, Friesen
hahn, and Lopez@17# (n). All data are converted to3He(n,p)3H
cross sections and multiplied byEn

1/2.
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tering. The curvature nearEp51.6 MeV results from the 02

second excited state of4He. A recent measurement of th
longitudinal polarization-transfer coefficient nearEp51.6
MeV @45# has provided striking evidence for this leve
These authors conclude that at the peak of the 02 resonance
nearEp51.6 MeV, the reaction is dominated by 01 and 02

amplitudes which are approximately equal in strength.
higher energies additional levels become important, es
cially the 22 state atEx521.84 MeV which gives rise to the
broad peak in the3H(p,n)3He cross section nearEp53.0
MeV. The data presented here will help to establish m
accurately the properties of these excited levels of4He.

V. THERMONUCLEAR REACTION RATE

The two-body thermonuclear reaction rateNA^sv& is cal-
culated from the cross sections using

NA^sv&5S 8

pm D 1/2 NA

~kT!3/2E0

`

E s~E!expS 2
E

kTD dE,

~4!

whereNA is Avogadro’s number,m is the reduced mass i
the entrance channel,k is Boltzmann’s constant,T is tem-
perature, andE is the center-of-mass energy.

Several tests were carried out to determine the effec
the 3He(n,p)3H reaction rate on the primordial nucleosy
thesis yields of the light elements2H, 3He, 4He, and 7Li.
Standard big-bang nucleosynthesis calculations were
formed using the computer code described in Ref.@46#. The
calculation assumes that the baryon density is homogene
and that there are three neutrino species. We find that610%
changes in the3He(n,p)3H reaction rate lead to changes
order 10% in the3He and7Li abundances, changes of ord
1% in the 2H abundance, and no change in the4He abun-
dance. The magnitude and direction of the changes are
pendent upon the value of the baryon-to-photon ratioh.
These findings are in agreement with the results of Sm
Kawano, and Malaney@7#. In order to determine the energ
range where the cross section is important, we have
varied the reaction rate at different temperatures. The fi
abundances of the light elements are found to depend on
reaction rate in the temperature range 20<kT<60 keV, or
equivalently 0.2<T9<0.7, whereT9 is the temperature in
GK. Changes in the reaction rate outside of this tempera
range do not affect the final abundances~at least for baryon-
to-photon ratios in the generally accepted range 1<1010h
<10). This temperature range corresponds approximate
the center-of-mass energy range 1&E&250 keV in then
23He system, which is almost entirely covered by t
present experimental results.

For the calculation of the3He(n,p)3H thermonuclear re-
action rate, we assumed the cross section given by EN
B-VI evaluation @27#. This evaluation reproduces the we
known thermal cross section@13#, and as can be seen in Fi
5 lies '3% higher than the present experimental results
En<1 MeV. This deviation is considerably smaller than o
estimated systematic uncertainty in the experimental d
Using this parametrization, the reaction rateNA^sv& was
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then calculated by numerically integrating Eq.~4!. Our nu-
merically integrated reaction rate is given within 1.5% f
T9<10 by the following expression~plotted in Fig. 8!:

NA^sv&57.053108~120.648T9
1/210.426T920.068T9

3/2!.
~5!

We estimate the uncertainty in this reaction rate to be 5%
the temperature range important for big-bang nucleosyn
sis calculations. In the important temperature range, the
rate is'5% lower than that given by Smith, Kawano, an
Malaney@7#, and 15–25 % lower than that given by Caug
lan and Fowler@47#.

VI. CONCLUSIONS

We have measured the3H(p,n)3He cross section for
1.02<Ep<4.50 MeV, with a systematic uncertainty es
mated to be 5%. These measurements are considerably
accurate than the previously available data over most of
energy range. The data nearEp51.6 MeV show the subtle
effects of the 02 second excited state of4He which were not
apparent in previous3H(p,n)3He cross section measure
ments. In the future it may also be possible to compare
present data to calculations which utilize realistic nucle
forces. Calculations of this type have recently been p
formed forn23H andp23He scattering at zero energy@53#.

A new thermonuclear reaction rate for3He(n,p)3H has
been calculated from the ENDF/B-VI evaluation@27# which
agrees very well with the present data and the accura
known thermal cross section@13#. This rate will allow for
more accurate calculations of the big-bang yields of3He and
7Li. These calculations can then in turn be used to test
consistency of the big-bang model as well as to determ
the baryon-to-photon ratio.

FIG. 8. The thermonuclear reaction rateNA^sv& for
3He(n,p)3H. The present determination is given by the solid lin
the rate from Smith, Kawano, and Malaney@7# is given by the
long-dashed line and the rate from Caughlan and Fowler@47# by the
short-dashed line.
1-6
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APPENDIX: PREVIOUS DATA

As a result of our literature search for previous data, s
eral important aspects related to previous measurements
become apparent which we would like to make more wid
known. This information should be particularly useful to f
ture evaluators of the3H(p,n)3He or 3He(n,p)3H cross sec-
tions. These aspects have not always been noted in the
The work of Drosg@23# provided the basis for much of thi
discussion.

~1! In addition to the data cited in the Introduction, th
3H(p,n)3He total cross section can be inferred from oth
types of measurements. For example, absolute 0° differe
cross section measurements can be combined with ang
distribution data to give total cross sections. Data of this ty
nd
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are given in Refs.@22–24,26#, and references therein. Th
total cross section for3He(n,p)3H can also be found by
subtracting the elastic neutron cross section from the t
neutron cross section~see Seagrave, Cranberg, and Simmo
@48# and Alfimenkovet al. @49#!. However, since the (n,p)
cross section is a small fraction of the total cross section~for
En*50 keV!, this subtraction can be subject to rather lar
uncertainties.

~2! Some 3He(n,p)3H measurements are dependent
the absoluten23He total cross section. There are significa
discrepancies in the existingn23He total cross section mea
surements~see Ref.@23# for details!. Then23He total cross
section affects the data from Refs.@48,49# mentioned in the
previous paragraph and also from Refs.@16,17# which mea-
sured the ratio of the3He(n,p)3H cross section to then
23He total cross section.

~3! Some reported measurements have been supers
by or included in subsequent data sets, and should be
sidered accordingly. The data of Jarviset al. @50# are renor-
malized and included with additional data in Ref.@51#. The
data of Ref.@51# are then apparently included in revised for
in Ref. @11# ~see Ref.@23#!. Also, the data of Macklin and
Gibbons @52# have been renormalized in their later wo
@10#.
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@25# Z. Bödy, in Handbook on Nuclear Activation Data~Interna-

tional Atomic Energy Agency, Vienna, 1987!, p. 29.
@26# M. Drosg and O. Schwerer, inHandbook on Nuclear Activa-

tion Data ~International Atomic Energy Agency, Vienna
1987!, p. 83.
1-7



r
a

ev

ts,

ds

y

gy

G.

t-

. C

.
-

-

es

ev.

.

.

ra-

C. R. BRUNE, K. I. HAHN, R. W. KAVANAGH, AND P. R. WREAN PHYSICAL REVIEW C60 015801
@27# G. Hale, D. Dodder, and P. Young, ‘‘ENDF/B-VI Data File fo
3He,’’ National Nuclear Data Center, Brookhaven Nation
Laboratory, Upton, New York, 1991~unpublished!.

@28# M. Drosg, computer codeDROSG-96, International Atomic En-
ergy Agency, Nuclear Data Section, 1996.

@29# F. Ajzenberg-Selove, Nucl. Phys.A475, 1 ~1987!.
@30# P. M. Endt, Nucl. Phys.A521, 1 ~1990!.
@31# T. R. Wang, R. B. Vogelaar, and R. W. Kavanagh, Phys. R

C 43, 883 ~1991!; 44, 1226~E! ~1991!.
@32# J. W. Maas, A. J. C. D. Holvast, A. Baghus, H. J. M. Aar

and P. M. Endt, Nucl. Phys.A301, 213 ~1978!.
@33# C. R. Brune and R. W. Kavanagh, Nucl. Instrum. Metho

Phys. Res. A343, 415 ~1994!.
@34# C. R. Brune, Ph.D. thesis, California Institute of Technolog

1994.
@35# C. R. Brune, R. W. Kavanagh, and C. Rolfs, Phys. Rev. C50,

2205 ~1994!.
@36# J. F. Breismeister, computer codeMCNP, Version 4A, Los Ala-

mos National Laboratory Report No. LA-12625-M, 1993.
@37# P. R. Wrean, Ph.D. thesis, California Institute of Technolo

1998.
@38# P. R. Wrean and R. W. Kavanagh~to be published!.
@39# S. R. Kennett, M. R. Anderson, Z. E. Switkowski, and D.

Sargood, Nucl. Phys.A344, 351 ~1980!.
@40# S. R. Kennett, M. R. Anderson, L. W. Mitchell, Z. E. Swi

kowski, and D. G. Sargood, Nucl. Phys.A346, 523 ~1980!.
01580
l

.

,

,

@41# J. F. Ziegler,The Stopping and Ranges of Ions In Matter~Per-
gamon, New York, 1977!, Vols. 3 and 4.

@42# G. Audi and A. H. Wapstra, Nucl. Phys.A595, 409 ~1995!.
@43# P. R. Wrean, C. R. Brune, and R. W. Kavanagh, Phys. Rev

49, 1205~1994!.
@44# G. M. Hale ~private communication!.
@45# J. R. Walston, C. D. Keith, C. R. Gould, D. G. Haase, B. W

Raichle, M. L. Seely, W. Tornow, W. S. Wilburn, G. W. Hoff
mann, and S. I. Penttila¨, Phys. Rev. C58, 1314~1998!.

@46# L. H. Kawano, computer codeNUC123 ~1992!; Caltech
Kellogg Radiation Lab OAP-714, preprint; FERMILAB-PUB
92/04-A, preprint.

@47# G. R. Caughlan and W. A. Fowler, At. Data Nucl. Data Tabl
40, 283 ~1988!.

@48# J. D. Seagrave, L. Cranberg, and J. E. Simmons, Phys. R
119, 1981~1960!.

@49# V. P. Alfimenkov, S. B. Borzakov, Vo Van Tkhuan, A. M
Govorov, L. Lason, L. B. Pikel’ner, and E´ . A. Sharapov, Yad.
Fiz. 33, 891 ~1981! @Sov. J. Nucl. Phys.33, 467 ~1981!#.

@50# G. A. Jarvis, A. Hemmendinger, H. V. Argo, and R. F
Taschek, Phys. Rev.79, 929 ~1950!.

@51# N. Jarmie and J. D. Seagrave, Los Alamos National Labo
tory Report No. LA-8215-MS, 1980.

@52# R. L. Macklin and J. H. Gibbons, Phys. Rev.109, 105 ~1958!.
@53# M. Viviani, S. Rosati, and A. Kievsky, Phys. Rev. Lett.81,

1580 ~1998!.
1-8


